ABSTRACT: Nuclear factor-kappaB (NF-B) plays a central role in regulating key proinflammatory mediators. The activation of NF-B is increased in tracheal aspirate (TA) cells from premature infants developing bronchopulmonary dysplasia (BPD). We studied the effect of azithromycin (AZM) on the suppression of NF-B activation and the synthesis of pro-inflammatory cytokines IL-6 and IL-8 by TA cells obtained from premature infants. Tracheal aspirate cells were stimulated with tumor necrosis factor-alpha (TNF-␣) and incubated with AZM. The nuclear NF-B-DNA binding activity, the levels of inhibitory kappaB-alpha (IB-␣) in the cytoplasmic fraction and IL-6 and IL-8 release in the cell culture media were measured. Stimulation of TA cells by TNF-␣ increased the activation of NF-B, which was suppressed by the addition of AZM. Increased activation of NF-B was also associated with increased levels of pro-inflammatory cytokines (IL-6 and IL-8). AZM significantly reduced the IL-6 and IL-8 production to the levels similar to control. TNF-␣ stimulation also increased the degradation of IB-␣, which was restored with the addition of AZM. Our data suggest that AZM therapy may be an effective alternative to steroids in reducing lung inflammation and prevention of BPD in ventilated premature infants. (Pediatr Res 62: [483][484][485][486] [487] [488] 2007) 
N uclear factor-kappaB (NF-B) is a family of DNAbinding proteins that are required for the transcription of key pro-inflammatory mediators (1) (2) (3) (4) . In unstimulated cells, NF-B is found in the cytoplasm as an inactive, non-DNA binding form complexed with the inhibitor protein inhibitory kappa B (IB) (1) (2) (3) (4) . The binding of NF-B with anchoring protein IB prevents its translocation into the nucleus. Stimulation of the cells by cytokines IL-1␤, tumor necrosis factoralpha (TNF-␣), and reactive oxygen species (ROS) leads to the activation and translocation of NF-B into the nucleus (1) (2) (3) (4) . Activated NF-B, after its translocation into the nucleus, binds with promoter regions of the target genes and increases the transcription of inflammatory mediators. NF-B plays an important role in the pathogenesis of acute lung inflammation (1, 2) . NF-B regulates gene expression of proinflammatory cytokines, chemokines, and adhesion molecules (1) . In adults with acute respiratory distress syndrome, enhanced activation of NF-B was detected in alveolar macrophages recovered by bronchoalveolar lavage (5) . NF-B is also expressed in alveolar macrophages of mechanically ventilated preterm neonates (6) . Recently, a study has shown that the activation of NF-B is increased in tracheal aspirates (TA) cells of preterm infants who developed bronchopulmonary (BPD) (7) . Thus, it appears that the activation of NF-B is central to the development of pulmonary inflammation and lung injury. Since NF-B activation is a regulated process in the very early steps of lung inflammation, NF-B is an obvious target for anti-inflammatory treatment.
Recently, we reported that dexamethasone inhibits the activation of NF-B in tracheal aspirate cells from premature ventilated infants and suppresses NF-B dependent proinflammatory mediators (8) . However, the use of steroids in premature neonates has deleterious effects on brain development and is associated with developmental delay and cerebral palsy (9, 10) . In its policy statement, the American Academy of Pediatrics (AAP) discourages the use of steroids in premature infants (11) . Therefore, studies are needed to find a safer alternative to steroids in the prevention of BPD in preterm infants. Azithromycin (AZM) is a macrolide antibiotic known for its immunomodulating and anti-inflammatory properties. However, the role of AZM in suppressing pro-inflammatory mediators in the lungs of premature infants is not known.
The objective of this study was to evaluate the effect of AZM on the activation of NF-B and the synthesis of cytokines (IL-6 and IL-8) by TA cells from premature infants. We hypothesized that AZM suppresses the activation of NF-B, which is associated with decreased release of pro-inflammatory mediators by tracheal aspirate cells from premature infants. Tracheal aspirate cells (n ϭ 11) were obtained from 10 ventilated preterm infants. The TA was collected by instilling 0.5 mL of normal saline into the infant's endotracheal tube and suctioning the residue with a 5-F suction catheter after two or three ventilator breaths. The suction catheter was passed to a standardized length of 0.5-1 cm beyond the tip of the endotracheal tube. The procedure was repeated two to three times. The suction catheter was flushed with 0.5 mL of normal saline after each suctioning episode to collect the residual sample in the catheter. The samples were transported to the laboratory on ice and immediately processed. The cells were counted using a hemocytometer and a viability test was performed using trypan blue. TA samples with more than 4 million cells and viability of 98 -100% were used for the study.
DESIGN AND METHODS
Differential cell count. Hematoxylin and eosin (H & E) staining was performed on cytospin slides prepared from the TA cells. A differential cell count was conducted by counting cells in four different fields and calculating the percentages of polymorphonuclear, macrophage, lymphocyte and epithelial cells.
TA cells isolation and culture. Tracheal aspirate samples were centrifuged at 4°C for 10 min at 300g. The cell pellet was resuspended in four polypropylene tubes using RPMI 1640 media supplemented with 15% bovine growth serum and allowed to equilibrate in the incubator for 15 min at 37°C/5% CO 2 with gentle agitation. TA cells were incubated in four groups (one million cells per group). Tube 1 was used for a control (C group). Tubes 2-4 were stimulated with TNF-␣ (2 ng/mL). Tube 2 was the TNF-␣ control (TNF). A low dose of AZM (4 g/mL) was added to Tube 3 (4 AZM group) and a high dose of azithromycin (8 g/mL) was added to Tube 4 (8 AZM group). All tubes were incubated at 37°C/5%CO 2, with gentle agitation for 18 h. After incubation, the supernatant from each tube was collected, aliquoted, and stored at Ϫ70°C for analysis of IL-6 and IL-8. Nuclear and cytoplasmic proteins were extracted from the cell pellets as described below.
Nuclear and cytoplasmic protein extraction. As per the manufacturer's instructions, nuclear and cytoplasmic proteins were extracted from the cell pellet by using a commercially available kit (Active Motif, Carlsbad, CA). Briefly, the cell pellet was resuspended in hypotonic buffer and incubated on ice for 15 min. Twenty-five microliters of detergent was added and the suspension was centrifuged (14,000g) for 30 s at 4°C. The supernatant (cytoplasmic fraction) was stored at -70°C for future analysis. The nuclear pellet was resuspended in complete lysis buffer and incubated for 30 min on ice on a rocking platform set at 150 g. The suspension was centrifuged for 10 min (14,000g) at 4°C. The supernatant (nuclear extract) was aliquoted and stored at Ϫ70°C. The total protein concentration was measured in the cytoplasmic and nuclear extract by the Bradford assay (Bio-Rad, Richmond, CA).
Western blot analysis for IB-␣. Twenty micrograms of isolated cytosolic protein from each group was analyzed by SDS-PAGE and transferred onto a nitrocellulose membrane (Amersham, Arlington Heights, IL) using an electroblotting technique. The nitrocellulose membrane was blocked with 10% nonfat dry milk for 1 h at room temperature, and subsequently incubated with goat polyclonal IB-␣ (Santa Cruz Biotechnology Inc., Santa Cruz, CA) 1:1000 in 5% nonfat dry milk overnight at 4°C. After three washing steps of 15 min each, IB-␣ protein levels were detected using a rabbit anti-goat antibody (1:20,000) linked to horseradish peroxidase (Jackson Immunology Research, West Grove, PA), and bound complexes were detected using an enhanced chemiluminescence method (ECL, Jackson Immunology Research, West Grove, PA). The relative intensity of the bands was quantified by densitometry using the NIH ImageJ software (http://rsb.info.nih.gov/ij/).
Electrophoretic mobility shift assay. Electrophoretic mobility shift assay (EMSA) was performed using commercially available NF-B oligonucleotide [5=-AGT TGA GGG GAC TTT CCC AGG C-3=, 3=-TCA ACT CCC CTG AAA GGG TCC G-5= obtained from Promega (Madison, WI)]. A labeling reaction was performed with NF-B-specific double-stranded oligonucleotide with [␥-32 P] ATP. Binding experiments were performed with 10 g of nuclear protein, 2 L of 5ϫ binding buffer [50 mM HEPES, pH 7.5, 500 mM NaCl, 25% glycerol, 5 mM EDTA, 0.25 mg/mL poly(dI-dC) -poly(dI-dC)], and 1 L of the radiolabeled NF-B-specific oligonucleotide for 20 min at room temperature. Nondenaturing 8% PAGE was performed with 0.5ϫ Tris borate-EDTA buffer, pH 8.0 for 4 h at 100 V. The gel was dried for 30 min, after which the autoradiography was carried out. To monitor the specificity of the binding reaction, the assay was performed in the presence of 100-fold molar excess of the nonlabeled NF-B oligonucleotide (specific competitor), unlabeled AP-1 oligonucleotide (nonspecific competitor), negative water control, and a positive HeLa nuclear extract control according to manufacturer's instructions (Promega). The relative intensity of the bands was quantified by densitometry using the ImageJ software.
Pro-inflammatory cytokine assay. Levels of pro-inflammatory cytokines (IL-6 and IL-8) in cell culture supernatants were measured using an ELISA employing a biotin-streptavidin-peroxidase detection system with the respective duo antibody kits (R&D Systems Inc., Minneapolis, MN) according to the manufacturer's instructions. Each sample was assayed in triplicate and the values were expressed as the mean of eleven experiments.
Statistical analysis. Statistical analysis of significance was calculated using the one-way ANOVA followed by Tukey's posthoc test for multigroup comparisons using STATVIEW and Sigma Chemical Co. plot statistical packages. The results were presented as the mean Ϯ SEM of the 3 to 11 independent experiments (n ϭ 11 for cytokine assay, n ϭ 3 for Western blots, and n ϭ 7 for EMSA). The difference was considered significant for p Ͻ 0.05.
RESULTS
Eleven tracheal aspirate samples for incubation were collected from 10 premature infants. Clinical characteristics of the study population are summarized in Table 1 . The median age of collecting TA cells was 21 d (range, 9 to 41 d). None of the infants received steroids before or at the time of TA samples collection.
Differential cell count in TA samples. The differential cell count was done on each TA sample and expressed as the percentage of total cells. The predominant cells were polymorphs (48%) and alveolar macrophages (43%) ( Table 2) .
AZM inhibited TNF-␣ induced NF-B-DNA binding activity in TA cells isolated from preterm infants. We studied the dose dependent inhibitory effect of AZM on basal and TNF-␣ stimulated NF-B activation in TA cells isolated from preterm infants. Stimulation of TA cells by TNF-␣ increased the NF-B-DNA binding activity by three folds [relative intensity (RI) increased from 1.0 Ϯ 0.09 to 3.1 Ϯ 0.2, p Ͻ 0.001]. The addition of 4 g/mL of AZM was not effective in reducing the NF-B-DNA binding activity (RI decreased from 3.1 Ϯ 0.2 to 2.7 Ϯ 0.18, p ϭ 0.17) (Fig. 1, A  and B) . However, increasing the concentration of AZM to 8 g/mL suppressed the TNF-␣ stimulated activation of NF-B Values are expressed as mean Ϯ SD, n ϭ 10.
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by approximately 52% (RI decreased from 3.1 Ϯ 0.2 to 1.5 Ϯ 0.12, p Ͻ 0.001). To monitor whether the shifted bands were specific for NF-B, competition tests were performed by adding nonlabeled NF-B oligonucleotide (cold/specific competitor) or AP1 oligonucleotide (nonspecific competitor) to HeLa nuclear extracts. Our results showed that the observed NF-B specific signals disappeared in the presence of the cold NF-B competitor but appeared in the presence of the nonspecific competitor. AZM inhibited TNF-␣ induced degradation of IB-␣ in TA cells of preterm infants. In this study, treatment of TA cells with TNF-␣ showed increased degradation of IB-␣ in the cytoplasm extracts measured by immunoblotting (Fig. 2) . The low dose of AZM (4 g/mL) was unable to prevent the degradation of IB-␣, but the higher dose of AZM (8 g/mL) restored the level of IB-␣ in TNF-␣ stimulated TA cells (Fig. 2) .
TNF-␣ induced pro-inflammatory cytokine (IL-6 and IL-8) release was suppressed dose-dependently by AZM in TA cells of preterm infants. Stimulation of TA cells by TNF-␣ increased the levels of IL-6 from 122 Ϯ 6.9 pg/mL to 309 Ϯ 18.0 pg/mL (p Ͻ 0.001) (Fig. 3) . Similarly, the levels of IL-8 increased from 175 Ϯ 5.4 pg/mL to 354 Ϯ 21.5 pg/mL after TNF-␣ stimulation (p Ͻ 0.001) (Fig. 4) . Treatment of TA cells with low dose of AZM (4 g/mL) reduced the levels of IL-6 (256 Ϯ 15.2 pg/mL, p ϭ 0.047) and IL-8 (293 Ϯ 18.5 pg/mL, p ϭ 0.048) to some extent. However, the addition of the higher concentration of AZM (8 g/mL) reduced IL-6 (7) reported that the activation of NF-B in TA cells from preterm infants correlated with the cell count, IL-8, and fraction of inspired oxygen. The activation of NF-B was increased in TA cells of preterm infants who either died or developed BPD when compared with those without BPD. Overall, the existing literature supports the finding that NF-B is activated in the cellular component of TA from ventilated premature infants. The reason for the activation of NF-B in premature infants is not known but it may be possible that an underlying inflammation or cellular stress would trigger NF-B translocation into the nucleus. It is known that infection (chorioamnionitis), oxidative stress, and ventilator-associated lung injury cause the activation of NF-B (1,15) . Hence, increased mortality and greater incidence of BPD in preterm infants exposed to chorioamnionitis, oxidative stress, and mechanical ventilation are possibly mediated by the activation of NF-B and subsequent release of pro-inflammatory mediators.
Suppressing NF-B dependent pro-inflammatory mediators by inhibiting the activation of NF-B is a novel approach to decrease lung inflammation and the subsequent development of BPD in premature infants. We recently reported that dexamethasone therapy suppresses the activation of NF-B in pulmonary leukocytes from premature infants (8) . Dexamethasone therapy not only suppressed the expression of NF-B but also decreased the concentrations of pro-inflammatory mediators in ventilated preterm infants. Decreased activation of NF-B was also associated with clinical improvement in premature infants as reflected by lower ventilatory support. However, steroid therapy in premature infants has been reported to be associated with intestinal perforation, intestinal bleeding, developmental delay, and cerebral palsy (9, 10) . Recently, the AAP issued a strong statement against steroid use in premature infants for the prevention of BPD (11) . In addition, oxidative or mechanical stress may decrease the anti-inflammatory effect of glucocorticoids in alveolar macrophages by modulating its receptors or by other mechanisms involving the recruitment of histone deacetylase-2 protein in the transrepression complex (1,16 -18) . There is a need to find a safe and effective anti-inflammatory therapy as an alternative to steroid use in premature ventilated infants.
Azithromycin, a macrolide antibiotic and an immunomodulator, displays anti-inflammatory effects that may be useful in chronic inflammatory lung diseases. Clinical studies have shown that macrolides have beneficial effects in diffuse panbronchiolitis (19) , bronchial asthma (20) , bronchiectasis (21) , bronchiolitis obliterans syndrome (22) , and cystic fibrosis (23) . Furthermore, erythromycin suppresses NF-B activation and inhibits the production of IL-6 and IL-8 in human bronchial epithelial cells (24, 25) . In animal models, AZM attenuates the lipopolysaccharide (LPS)-induced increase in plasma TNF-␣ concentrations and improves inflammatory markers (total cell count, neutrophil percentage and macrophage inflammatory protein-2) in bronchoalveolar lavage fluid (26) .
To our knowledge, this is the first study demonstrating the inhibition of the activation of NF-B by AZM in premature infants. AZM not only decreased the TNF-␣ stimulated activation of NF-B by approximately 52% but also suppressed the synthesis of NF-B-dependant pro-inflammatory cytokines (IL-6 and IL-8). We chose the concentrations of AZM (4 g/mL and 8 g/mL) based on pharmacokinetic studies performed in adults. After standard doses, the levels of AZM in adult lungs range between 4.0 g/g and 9.6 g/g (27,28). To our knowledge, the concentration of AZM in the lungs of premature infants has not been studied. However, by extrapolating adult data in premature infants, the standard dose (5-10 mg/kg/d) may lead to sufficiently high concentrations of AZM in the lungs of premature infants to suppress the activation of NF-B and the synthesis of pro-inflammatory cytokines.
In the present study, we found that stimulation of TA cells by TNF-␣ increased the activation of NF-B as indicated by the degradation of IB-␣ in the cytoplasm and increased NF-B binding activity in the nuclear extract. AZM at a higher dose inhibited TNF-␣-induced degradation of IB-␣ in TA cells obtained from preterm infants. The molecular mech- 
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anism of NF-B inhibition by AZM is unknown but there are conflicting reports demonstrating the IB kinase-dependent and independent mechanisms for inhibition of NF-B activation by macrolide antibiotics (24, 29, 30) . Moreover, our own data showed that the TNF-␣-induced IB-␣ degradation (which occurs mainly via IB kinase beta or IKK2-dependent mechanism) is blocked by AZM in TA cells, thereby suggesting that the AZM inhibited NF-B activation by IB-␣ degradation.
The lower concentration of AZM was not effective in suppressing the activation of NF-B and the release of IL-6 and IL-8. Cigana et al. (31) also reported similar dose dependant suppression of IL-8 by AZM in cystic fibrosis airway epithelial cells. In their study, concentrations of 0.125, 0.5 and 2 g/mL of AZM were unable to suppress IL-8 production but increasing the AZM concentration to 8 g/mL reduced IL-8 synthesis by 50%. In this current study, the higher level of AZM (8 g/mL) reduced the activation of NF-B and synthesis of IL-6 and IL-8 by TNF-␣ stimulated TA cells to a level similar to the control group (unstimulated TA cells). The concentration of TNF-␣ is increased very early (on D 2-3) in the TA from premature infants who subsequently developed BPD (14) . Because TNF-␣ plays a major role as a stimulator of chemokines in the lungs of premature neonates, we speculate that the early treatment with AZM may provide antiinflammatory protection by suppressing the activation of NF-B and reducing the synthesis of NF-B-dependant proinflammatory mediators. Infection and colonization of the respiratory tract with ureaplasma and Mycoplasma may also trigger a vigorous pro-inflammatory response in the lungs and increase the risk for the development of BPD in preterm infants (32) . Ureaplasma urealyticum increases the activation of NF-B in alveolar macrophages (33) . AZM as an antibiotic and anti-inflammatory agent may decrease lung inflammation by suppressing ureaplasma-induced NF-B activation and cytokine production in premature infants.
There are no published data evaluating the safety of AZM in term or preterm infants. The possible side effects of AZM in premature infants could include the following: feeding intolerance, infections, cardiac arrhythmias and hypertrophic pyloric stenosis. Widespread use of AZM in premature infants may also induce bacterial resistance. AZM therapy, by inhibiting NF-B activation and the release of inflammatory mediators, could alter innate immune response to pulmonary infection in premature infants. In vivo studies are required to evaluate the side effects of multi-dose, systemic AZM therapy in preterm infants.
The current study was performed on mixed TA cells and does not indicate the effect of AZM on the individual types of TA cells. However, the predominant cells in TA are neutrophils and alveolar macrophages. We, and others, have shown that NF-B is localized and activated in both the neutrophils and alveolar macrophages in TA obtained from preterm infants (8, 15) .
In summary, the present study demonstrates that AZM suppresses the NF-B activation in TA cells from preterm ventilated infants. Suppression of NF-B activation was also associated with decreased synthesis of NF-B-dependent proinflammatory mediators. Further studies are needed on the safety and efficacy of AZM before it can be used as an alternative to steroids in the treatment of acute lung injury and prevention of BPD in premature infants.
